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This paper investigates the momentum and heat transfer, MHD mixed convection flow of Sisko fluid near
the axisymmetric stagnation point towards a stretching cylinder. Suitable similarity variables are
selected to transmute dimensional nonlinear system into non-dimensional nonlinear system. Large mesh
size and high tolerance error is considered for the convergence analysis of the numerical scheme.
Graphical evaluation is displayed in order to interrogate the intrinsic behavior of responsible parameters
on concerning profiles. For better description of fluid flow numerical variation in local skin friction coef-
ficient and local Nusselt number is scrutinized through graphs and tables. Appreciable growth is found in
temperature profile whereas a decrease in velocity profile is noticed when the Hartmann number is aug-
mented. Mixed convection and velocity ratio parameters serve to enhance the rate of heat transfer from
the surface. Comparison of present work in a limiting case with data available in the literature has been
made for the verification of the model.
 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
The study of electrically conducting fluids in the presence of a
magnetic field is of considerable and phenomenal interest because
they are encountered in many processes of engineering and
applied sciences such as MHD accelerators, electrostatic filters,
cooling reactors, purification of crude oil, fluid droplets and
geothermal energy extraction. A magnetohydrodynamics (MHD)
flow of non-Newtonian fluid was first studied by Sarpkaya [1]
and then followed by many authors. Liao [2] obtained a HAM solu-
tion for a non-Newtonian fluid flow in the presence of a magnetic
field over a linearly stretching that surface. He analyzed that mag-
netic field parameter enhances the skin friction coefficient; in addi-
tion he observed that the magnetic MHD effects are more
prominent in the shear-thinning region as compared to the
shear-thickening region. Study of MHD stagnation point flow with
combined effects of heat, mass and conjunction of a first order
chemical reaction towards a porous stretching surface was dis-
cussed by Mebood et al. [3]. The problem was solved analytically
by using homotopy analysis method. They noted that for all values
of suction/injection parameter and Hartmann number causes a
monotonically increase in local skin-friction coefficient. Maliket al. [4] employed numerical solutions of MHD flows of non-
Newtonian fluid past a stretching cylinder. They used the tangent
hyperbolic fluid model for their study and concluded that the fluid
velocity decreases with by increasing tangent hyperbolic fluid
parameter and MHD parameter. Akber et al. [5] discussed the
Eyring-Powel fluid under the influence of hydromagnetic field over
a stretching sheet. In the literature survey eminence of MHD
boundary layer flows in various physical configurations has been
interpreted in Refs. [6–24].
Convective heat transfer is one of the extensive mode of heat
transfer. In addition, it is the main model of mass moving in fluids
and is regarded as a direct strategy for the heat transfer. Combined
effects of free and force convection is well-known as mixed con-
vection, which occurs due to the buoyancy force. The main cause
of such convection is due to difference between the surface and
free stream temperature. These types of flows have been widely
addressed research area due to its plentiful application in manu-
facturing processes comprising extrusion of plastic, hot rolling,
welding, solar receivers, heat exchangers etc. Because of its unlim-
ited applications in daily life, the study of mixed convection is
being considered by numerous researchers. Gorla [25] discussed
mixed convection (both buoyancy added and opposed) stagnation
point flow past over a heated stretching cylinder. He noted that in
buoyancy-assisted flow region both rate of heat transfer and fric-
tion factor increases as the mixed convection parameter increases,
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flow region. Lok et al. [26] calculated the numerical solution of
steady mixed convection stagnation point flow over a shrinking/
stretching sheet. It was seen that for all values of stretching/shrink-
ing ratio parameter buoyancy added flow solutions are possible,
but there are limitations for buoyancy opposed flow solutions.
Ishak [27] analyzed the numerical solution of an incompressible
mixed convection flow towards a vertical cylinder with variable
surface heat flux. He discussed both buoyancy assisting and oppos-
ing forces that causes the development of boundary layer. His
results proved the existence of solution in reversed flow region
and dual solution in the assisting flow region. Nadeem et al. [28]
also examined time dependent flow of hydromagnetic nanofluid
in a rotating cone. Rehman et al. [29] also studied the mixed con-
vection flow of Eyring-Powel fluid over a stretching cylinder in a
double stratified medium.
The investigation of non-Newtonian fluids towards a stretching
surfaces is one of the significant phenomena during the previous
few decades. Because of plentiful modern and innovative applica-
tions of non-Newtonian fluids, such as polymer handling, ink-jet
printing, geographical streams etc. thus much attentions has been
paid to them. From the family of non- Newtonian fluids, the rela-
tively straightforward and simple model named Sisko fluid exists.
It is basically extension of power law fluid model and proposed
in 1958 by Sisko [30]. The Sisko fluid model is the blend of Newto-
nian and non-Newtonian fluids. Such fluids can be easily found in
nature and have numerous modern applications, flow of greases is
the most relevant example of this type of fluid. In the recent past,
Khan et al. [31] considered annular pipe geometry and calculated
the numerical and analytic solution of steady, two dimensional
flow, and the heat transfer properties of the Sisko fluid. They
noticed that the velocity of the Newtonian fluids is much less than
the Sisko fluid. They observed that the strong shear thickening
effects becomes stronger by increasing the flow behavior index.
Nadeem et al. [32] explore the characteristics of the peristaltic
pumping of the Sisko fluid in a uniform tube. They observed the
fluid model for different values of the flow behavior index, and
found that the Newtonian fluid has the best peristaltic pumping
characteristics. Munir et al. [33] investigated the favorable and
non-favorable buoyancy effects for Sisko fluid over an isothermally
stretched surface. They perceived that the material parameter of
the Sisko fluid enhances the wall friction factor. Literature survey
indicates that no analysis is available which deliberate mixed con-
vection and stagnation point effects towards a stretching cylinder
with transverse magnetic field. Hence, our motivation is to discuss
the combined effect of mixed convection and axisymmetric stagna-
tion point on the hydromagnetic flow of Sisko fluid towards a per-
meable stretching surface with heat transfer achieve. As the
analytic solution of the governing equations are intractable to
illustrate the graphical results of dimensionless parameters involv-
ing in the problem, therefore numerical calculation through shoot-
ing method is carried out to desired level of accuracy. The effect of
different governing parameters on concerning profiles along with
surface shear stress and heat transfer coefficient are discussed
through graphs and tables.Fig. 1. Physical model and coordinate system.Problem formulation
Let us consider two dimensional hydromagnetic mixed convec-
tion stagnation point flow of incompressible Sisko fluid past over a
cylinder. The problem is considered under polar cylindrical coordi-
nates ðr; h; xÞ with velocity components ðu; v ; wÞ. The cylinder is
being stretched with linear velocity UwðxÞ ¼ cx; where c > 0 is
the parameter of constant acceleration. The coordinate system is
chosen such that the x-axis is along the cylinder and r-axis is nor-mal to the cylinder. The transverse magnetic field of strength B0 is
applied parallel to the r-axis. Cylinder is continuously stretched
along axial direction from both sides with velocity Uw as shown
in Fig. 1.
In the absence of pressure gradient along with the boundary
layer approximations the continuity [34] and momentum equa-
tions [35] governing such type of flows can be written as follows.
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subject to the momentum boundary conditions
u ¼ UwðxÞ ¼ cx; v ¼ 0; atr ¼ r0;
u ¼ U1ðxÞ ¼ dx; as r !1:
ð3Þ
Here u and v are the velocity components of the fluid in the x and r
directions respectively, q is the fluid density, k is the thermal diffu-
sivity of the fluid, n power law index, a and b are fluid parameters,
B0 is the strength of the magnetic field.
The surface of the cylinder is maintained at uniform tempera-
ture Tw, moreover it is assumed that the convecting fluid and the
medium are in local thermodynamic equilibrium and energy equa-
tion [29] under above mentioned suppositions along with the
boundary layer approximations is as follows
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The associated boundary conditions for temperature are given
as follows
T ¼ TwðxÞ at r ¼ r0;
T ! T1ðxÞ as r !1:
ð5Þ
where Tw and T1 are the temperatures of the fluid and surrounding
respectively, r0 is the radius of the cylinder.By choosing a stream
function w defined as
u ¼ 1
r
@w
@r
; v ¼ 1
r
@w
@x
: ð6Þ
The continuity Eq. (1) is satisfied. Local similarity transforma-
tions [17]
g ¼ r2r202r0x Re
1
nþ1
b ; w ¼ r0xURe
 1nþ1
b f ðgÞ;
hðgÞ ¼ TT1TwT1 ;Reb ¼
qU2nxn
b ;
ð7Þ
are incorporate in Eqs. (2) and (5) to obtain the following nonlinear
differential equations.
Table 1
Comparison of present paper with published literature when c = A = Pr = k ¼ B ¼
Ec ¼ 0 but n = 1.
M Akbar et al. [6] Present results
0 1 1
0.5 1.11803 1.1180
1 1.41421 1.4141
5 2.44949 2.4495
10 3.31663 3.3166
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ðnþ1Þcð1þ2cgÞn12 ðf 00Þnþ 2n
nþ1 ff
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ð8Þ
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0 þMEcPrf 02 ¼ 0; ð9Þ
the transformed boundary conditions are
f ðgÞ ¼ 0; f 0ðgÞ ¼ 1; hðgÞ ¼ 1 at g ¼ 0;
lim
g!1
f 0ðgÞ ¼ B; lim
g!1
hðgÞ ¼ 0: ð10Þ
Here g is the independent variable and prime indicates differentia-
tion with respect to g.In Eqs. (8) and (9) A, k; c;B;M, Ec and Pr
denotes Sisko fluid parameter, mixed convection parameter, curva-
ture of the cylinder, velocity ratio parameter (stagnation point),
magnetic field parameter, Eckert number and Prandtl number
respectively. Which are defined as
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The most important dimensionless physical quantities for the
problem in manufacturing point of view are the local skin friction
and local Nusselt number, which are defined as
Cf ¼ sw
qcðcvÞ12
; Nux ¼ xqwaðTp  T1Þ ; ð12Þ
where sw and qw are surface shear stress and surface heat flux,
which are defined as
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@r
 
r¼r0
 b  @u
@r
 n
r¼r0
; qw ¼ k
@T
@r
 
r¼r0
; ð13Þ
using Eq. (5) in Eqs. (11) and (12) the dimensionless forms of skin
friction and local Nusselt number are
1
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n
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1
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b ¼ h0ð0Þ: ð14Þ
where Reb is local Reynolds number based on the stretching velocity
UwðxÞ:
Numerical solutions
The analytical solution of ordinary differential Eqs. (8) and (9)
are intractable because these equations are highly nonlinear. In
order to solve Eqs. (8) and (9) combined with the associated
boundary conditions in (10) numerically, shooting technique with
Runge-Kutta Fehlberg method is used [34–36]. Write Eqs. (8) and
(9) in the following form:
f 000 ¼ f
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Now convert Eqs. (15) and (16) into set of five first order differ-
ential equations. Introducing the new set of dependent variables
y1; y2; y3; y4 and y5 as
f 0 ¼ y01 ¼ y2; ð17Þf 00 ¼ y02 ¼ y3; ð18Þ
f 000 ¼y03
¼ðy
2
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The boundary conditions takes the form as:
y1 ¼ 0; y2 ¼ 1; y4 ¼ 1; at g ¼ 0; ð22Þ
y2 ! B; y4 ! 0; as g!1:
To solve system of Eqs. (17)–(21) five initial conditions must be
known, but the initial conditions at y3 and y4 are not prescribed.
Though, at g!1 the boundary conditions of f 0ðgÞ and hðgÞ are
prescribed. Thus, these boundary conditions are used to generate
two unknown conditions. Express these two unknown conditions
by H1 and H2.
y1 ¼ 0; y2 ¼ 1; y3 ¼ H1; ð23Þ
y4 ¼ 1; y5 ¼ H2:
To exploit these two unknowns, an appropriate finite value
must be given to g1. Thus to evaluate the values of similarity vari-
able g1, start with initial guesses to unknown conditions and solve
the nonlinear self-similar governing Eqs. (16)–(20) to obtain H1
and H2. The process is repeated for several values of g1 till two
successive values of H1 and H2 satisfies the boundary residual
given below
/1ðH1; H2Þ ¼ 0:1; /2ðH1; H2Þ ¼ 0: ð24ÞResults and discussion
This section is fascinated to a comprehensive study of numeri-
cally calculated results and effect logs of all pertinent parameters
on temperature and velocity profiles. Moreover, local skin friction
coefficient and local Nusselt number are presented in graphical
and tabular form. The results are given to carry out a parametric
study showing the effects of the dimensionless parameters namely
Sisko parameter A; Hartmann numberM, mixed convection param-
eter k, velocity ratio parameter B, curvature parameter c and
Prandtl number Pr. Table 1 provides the comparison of this analy-
sis to the already published literature for several set values of Hart-
mann number M to check the accuracy of the numerical method
used in present problem. Fig. 2 describes the behavior of velocity
profile for various values of A and n. An analysis reveals that power
law index n plays a key role on the boundary layer structure. It is
seen an increase in power law index n leads to a decline in the
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Fig. 2. Variation of Sisko parameter A on f 0ðgÞ.
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Fig. 4. Effect of curvature parameter c on f 0ðgÞ.
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Fig. 5. Variation of mixed convection parameter k on f 0ðgÞ.
52 M. Awais et al. / Results in Physics 7 (2017) 49–56velocity and boundary layer thickness. Because the behavior of flu-
ids changes from shear thinning to shear thickening fluid and also
as shear thickening fluid are more viscous than Newtonian and
shear thinning fluids. Hence by increasing flow behavior index n
velocity profile decreases. Also it is clearly shown that by increas-
ing material parameter A velocity profile increases. By definition A
is ratio of high shear rate viscosity to consistency index. Because by
increasing A; initial forces of fluid increases which causes a
decrease in viscous forces and hence the boundary layer thickness.
Fig. 3 demonstrates the effect of velocity ratio parameter B on the
dimensionless velocity profile. It is perceived that for B < 1 bound-
ary layer thickness decreases but velocity profile increases, for
B < 1 the boundary thickness has opposite effects. But for B = 1
there is no information of boundary. Fig. 4 reveals that velocity
exceeds with the increment of curvature parameter c and be infe-
rior for flow behavior index n. These curves prescribed that far
away from the surface the velocity of the fluid decreases and dis-
appears asymptotically. It is examined that with the increase of
curvature parameter c velocity field increases, because by increas-
ing curvature parameter c radius of curvature decreases due toη
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Fig. 3. Influence of velocity ratio parameter B on f 0ðgÞ.which the contact area between fluid and cylinder decreases. Thus
less resistance is offered by the surface of cylinder to fluid motion.
Furthermore, boundary layer is thicker for larger values of curva-
ture parameter c. Fig. 5 demonstrates the behavior of mixed con-
vention parameter c and power index n on dimensionless
velocity profile. It is perceived that with an increase in mixed con-
vention parameter k velocity profile increases. Also it is witnessed
that for greater values of mixed convention parameter k momen-
tum boundary layer thickness increases. Fig. 6 specifies the impo-
sition of Hartmann number M on velocity profile. Since increase in
Hartmann number M leads to an increase in the drag force called
Lorentz force. This force has the propensity to slow down the flow.
Strong Lorentz forces yields more opposition to the momentum
transport, thus for higher values of Hartmann number M, causes
decrease in hydrodynamics boundary layer thickness. Fig. 7 shows
the influence of curvature parameter c on temperature profile for
pertinent values of power index n. It is observed that the temper-
ature and the corresponding thermal boundary layer thickness
decreases as the values of power index n are increased. Also it is
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Fig. 6. Variation of Hartmann number M on f 0ðgÞ.
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near the surface thermal boundary layer thickness decreases
whereas increases away from the surface. Physically, by enlarging
the curvature parameter c causes an increase in local Nusselt num-
ber due to which temperature profile drops close to the surface,
but it is responsible in the enhancement of the temperature profile
away from the surface. Fig. 8 is plotted to see the impact of Prandtl
number Pr on dimensionless temperature field for various values
of power law index n. It is perceived that by enlarging the values
of Prandtl number Pr thermal boundary layer thickness becomes
thinner which causes reduction on temperature profile. The tem-
perature distributions of Newtonian and non-Newtonian fluids
are plotted in Fig. 9 for different values of Eckert number Ec. Since
Eckert number Ec is the ratio between kinetic energy and enthalpy.
As Ec increases it increase the kinetic energy, so fluid particle col-
lides frequently with each other and they dissipate the energy i.e.
the kinetic energy is converted into the thermal energy, this yields
rise in the temperature of the fluid. Fig. 10 shows the influence of
velocity ratio parameter B, material parameter A and flow behavior
index n on local skin friction coefficient. It is noted that local skin
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Fig. 12. Influence of c, Pr and n on local Nusselt number.
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ter B; because boundary layer thickness progressively decreases
with an increase in velocity ratio parameter B. Coefficient of skin
friction enhances with an increase in material parameter A. Since
material parameter A increases boundary layer thickness which
causes increase in skin friction coefficient. Fig. 11 demonstrates
the graphical representation of skin friction coefficient by varying
curvature parameter c, material parameter A and flow behavior
index n. It is perceived that absolute value of skin friction coeffi-
cient increases by increasing material parameter A and curvature
parameter c, while decreases by increasing flow behavior index
n. Since curvature parameter c has an inverse relation with Rey-
nolds number and Reynolds number has inverse relation with skin
friction coefficient. So by increase in curvature parameter causes a
decrease in Reynolds number which ultimately enhances the val-
ues of local skin friction coefficient. Finally by increasing flow
behavior index n skin friction decreases because fluid behavior
changes from shear thinning to Newtonian and then shear thicken-
ing fluid, which ultimately cause a decrease in boundary layer
thickness and increases the viscosity of the fluid. As a result local
skin friction coefficient reduces by increase in n. Fig. 12 depicts
the graphical interpretation of curvature parameter c, Prandtl
number Pr and flow behavior index n on local Nusselt number. It
is evident that by increasing curvature parameter c local Nusselt
number increases. Because with the increase of curvature parame-
ter c, temperature near to the surface of cylinder decreases as a
result thermal boundary layer becomes thin which causes an
enhancement in temperature gradient. From this figure it is also
cleared that with the increase in Prandtl number Pr local Nusselt
number increases. Prandtl number Pr causes a decrease in temper-
ature which increase difference between surface of cylinder and
fluid temperature. Hence it leads to increase the rate of heat trans-
fer from surface of cylinder i.e. local Nusselt number increases. Fur-
thermore this graph also shows that by increasing flow behavior
index n local Nusselt number increases. Fig. 13 explained the
behavior of Eckert number Ec and Prandtl number Pr on Nusselt
number. For larger values of Eckert number Ec the temperature dif-
ference i.e. Tw  T1 decreases. So heat transfer rate decreases
which causes decrease in the Nusselt number. Also Prandtl number
Pr increases the values of Nusselt number due to the fact that for
larger values of Prandtl number Pr conductivity of the fluid
decreases. Table 2 shows the impact of flow parameters c; A, k
and B on skin friction coefficient for different values of flow behav-M
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Fig. 11. Influence of k, M and n on local skin friction coefficient.
Fig. 13. Influence of Ec, Pr and n on local Nusselt number.ior index n. From table it can be shown that numeric values of skin
friction coefficient are increasing for larger values of n. Also this
table shows that larger values of three parameters c, A and M
enhances the computed values of skin friction coefficient in
absolute sense. This is due to fact that when all these
parameters increases the boundary layer thickness also increases
so the viscous forces near the surface become stronger. Hence it
increases the values of skin friction coefficient. Whereas from table
it is noticed that with the increase of k and B the skin drag
decreases. Table 3 depicts the variations in Nusselt number for
change in physical parameters c;Pr;k;B, Ec and M. When flow
parameters c;Pr;k;and B increases it reduces the thermal boundary
layer. Thus values of h00ð0Þ enhances when larger values are
awarded to parameters c; Pr;k and B. On the other hand if values
of physical parameters Ec; and M increases it causes reduction in
local Nusselt number. This is physically valid because when
larger values of all flow parameters Ec and M are considered the
thermal boundary layer become thick. Hence/So wall heat flux
reduces.
Table 2
Variation of local skin-friction coefficient with respect to c, A, k, M and B.
c A k M B n = 0.5 f 00ð0Þ n = 1 f 00ð0Þ n = 2 f 00ð0Þ
0.25 1 0.1 0.1 0.1 1.7316 1.5535 1.4233
0.5 – – – – 1.9533 1.7373 1.5686
0.75 – – – – 2.1616 1.9187 1.7159
0.5 1 – – – 1.9533 1.7373 1.5686
– 2 – – – 2.5086 2.2655 2.0834
– 3 – – – 3.0166 2.7604 2.5744
– 1 0.1 – – 1.9533 1.7373 1.5686
– – 0.2 – – 1.8885 1.6736 1.5042
– – 0.3 – – 1.8244 1.6107 1.4669
– – 0.1 0.1 – 1.9533 1.7373 1.5686
– – – 0.2 – 2.0043 1.7943 1.5042
– – – 0.3 – 2.0537 1.8496 1.4669
– – – 0.1 0.1 1.9533 1.7373 1.5686
– – – – 0.2 1.8452 1.6191 1.4469
– – – – 0.3 1.7184 1.4747 1.3083
Table 3
Variation of h0(0) with respect to c, Pr, k, B, Ec, and M.
c Pr k B Ec M n = 0.5 h0(0) n = 1 h0(0) n = 2 h0(0)
0.25 1 0.1 0.1 0.1 0.1 0.6053 0.7337 0.8369
0.5 – – – – – 0.7091 0.8292 0.9277
0.75 – – – – – 0.8159 0.9286 1.0252
0.5 1 – – – – 0.7091 0.8292 0.9277
– 2 – – – – 0.9287 1.1353 1.2985
– 3 – – – – 1.1234 1.3924 1.5948
– 1 0.1 – – – 0.7091 0.8292 0.9277
– – 0.2 – – – 0.7130 0.8334 0.9321
– – 0.3 – – – 0.7169 0.8375 0.9517
– – 0.1 0.1 – – 0.7091 0.8292 0.9277
– – – 0.2 – – 0.7227 0.8454 0.9455
– – – 0.3 – – 0.7371 0.8624 0.9638
– – – 0.1 0.1 – 0.7091 0.8292 0.9277
– – – – 0.2 – 0.7035 0.8236 0.9225
– – – – 0.3 – 0.6980 0.8181 0.9174
– – – – 0.1 0.1 0.7091 0.8292 0.9277
– – – – – 0.2 0.7007 0.8199 0.9186
– – – – – 0.3 0.6928 0.8110 0.9099
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A theoretical study is presented to exploit physical features of
MHD mixed convection flow of Sisko fluid near the axisymmetric
stagnation point towards a linearly stretching cylinder. The result-
ing differential equations were solved numerically using a shooting
technique together with Runge-Kutta-Fehlberg integration system
to express the effects log of different embedded parameters on
flow and heat transfer graphically and quantitatively. The follow-
ing observations are worth mentioning:
 Strength of magnetic field parameter M reduces the velocity
profile but causes increase in temperature profile due to Joule
Heating effect.
 There is a direct relation of curvature parameter c with velocity
and temperature profiles.
 The material parameter A enhances the momentum boundary
layer thickness.
 Increase in the mixed convection parameter k enhances the
fluid velocity, while it reduces the temperature profile.
 The power law index n reduces both velocity and temperature
profiles. But impacts of the power law index n are opponent
on the wall friction coefficient, and local Nusselt number.
 Impact of Prandtl number Pr on temperature profile is opposite.
 Velocity ratio parameter B reduces the thermal resistance but
causes increase in velocity profile. An enhancement in the skin friction coefficient is noticed
against the magnetic field parameter M.
 Magnetic parameter M and the Eckert number Ec both impart
the considerable decrease in local Nusselt number.References
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